In this article, convective heat transfer of Al 2 O 3 /water nanofluid was investigated using computational fluid dynamics (CFD). For this purpose the nanofluid was assumed as a single phase with temperature-dependent properties. The results of numerical modelling were evaluated by using experimental results. The results of both numerical and experimental investigations show that the convective heat transfer of base fluid (water) enhanced with increasing of Al 2 O 3 nanoparticle concentration, fluid velocity and ethylene glycol concentration in the base fluid composition.
Introduction
Nanofluids are stable suspensions of nano-size particles in convectional fluids. These homogenous mixtures have enhanced thermal properties [1] [2] [3] . The results of experimental investigations show that the nanofluid convective heat transfer enhances with increasing of nanoparticles concentration (Table 1) .
Choi [3] performed the first numerical study of nanofluid heat transfer in 1995. Single phase method is the first numerical technique has been used for Yang et al. [6] Disc graphite Maximum enhancement of 22%
Chen et al. [7] titanate nanotube
Remarkable increasing of convective heat transfer with increasing of nanoparticles concentration and aspect ratio Nguyen et al. [8] Al 2 O 3 Maximum enhancement of 40%
Ding et al. [9] CNT Remarkable enhancement of heat transfer coefficient study of nanofluid convective heat transfer [10, 11] . In this method, nanofluid is assumed as a single phase without motion slip between nanoparticles and base fluid. Maiga et al. [12] and Palm et al. [13] have been employed single phase method for analysis of convective heat transfer of Al 2 O 3 /water. Their results exhibit good agreement with the experimental results. The relative velocity of nanoparticles and base fluid are considered in two phase method [14] [15] [16] . Behzadmehr et al. [17] employed this method for 1 Vol. % Cu nanofluid and reported that the turbulent convective heat transfer in a circular tube increased up to 15%. Bianco et al. [18] studied the forced laminar convection of nanofluid containing 100nm Al 2 O 3 nanoparticles. They concluded that single phase and two phase methods exhibit approximated results, especially in the case of using temperature-dependent properties. Xuan and Roetzel [20] employed dispersion method for modeling of nanofluid thermal properties. They considered the chaotic movement of the nanoparticles in nanofluid, similar to dispersion theory in porous media proposed by Bear [21] . Mokmeli and SaffarAvval [22] used dispersion method for analysis of the effect of volume fraction, average size of ATF-graphite and Al 2 O 3 nanoparticles on the convective heat transfer of nanofluid.
The aim of this work is to study the forced laminar convective heat transfer coefficient of nanofluid containing Al 2 O 3 nanoparticles. Single phase method with temperature-dependent properties is used for numerical simulation of nanofluid's thermal behaviour. Experimental investigations are used for validation of the results of numerical simulation.
Experimental
A design scheme of experimental set-up used at this work is shown in Figure 1 . This system consists of a flow loop, pipeline system, a 25 litter reservoir tank, pumping and cooling system. Nanofluid flows through a horizontal copper tube with 1m length, 1 cm diameter and 1.7 mm thickness. The tube section is insulated by using a layer of 25 mm of fiberglass, which is electrically heated at a constant rate of 5000 W/m 2 . The tube section is uniformly wounded by Nickelchrome wire connected to a DC 300 W power supply. The experimental set-up.
Five K-type thermocouples are installed along the tube section and two Ktype thermocouples are installed at the tube ends, for measuring of nanofluid bulk temperature. The local temperatures were transferred to a programmed computer system to calculate and store the Nusselt number and convective heat transfer coefficient (Eqs (1)-(3)). The nanofluid flow rate is measured by using a flow-meter, installed at tube entrance. The nanofluid flow rate and temperature are measured with uncertainties of 3% and 0.1. The nanofluid exits the tube section and is stored in a 25-liter tank, cooled and recycled to the tube section. Steady state condition is reached after 35 min. Cooling system consisted of a tubular heat exchanger, 50 cm in length which used cooling water for reducing the nanofluid temperature. The uncertainty of Re number and convective heat transfer coefficient were 3 and 6% in the experiments.
The nanofluid is prepared by addition of 10nm γ-Al 2 O 3 nanoparticles (1-10 Vol. %) and 0.1 Vol. % Triton X-100 as stabilizer to distilled water as base fluid. The prepared mixture is homogenized by using an ultrasonic bath (model) for 10 hours. The produced stable nanofluid is used for thermal analysis. In the last step of experiments, for investigation of the effect of base fluid composition, ethylene glycol is mixed with water involving different volume concentrations (10, 20 and 40 Vol. %). The produced mixture is agitated in a flask and used for preparation of nanofluids. The Physical properties of Al 2 O 3 nanoparticles (Nanostructured and Amorphous Materials, Inc, USA) are illustrated in tables 2 and 3 [23] . The thermal parameters (h ave and Nu ave ) are estimated using equations (1)- (3) . In these equations T local , T w and T input are local temperature, wall temperature and input temperature, ρ and C p and u are nanofluid density, specific heat and velocity, L and D are tube length and diameter and x is distance from tube inlet. 
Numerical studies
Single phase model was used for numerical simulation of convective heat transfer. The tube geometry is demonstrated in Figure 2 . Nanofluid enters the tube at a uniform velocity (U 0 ) and temperature (T 0 ). At the end of the tube section, fully developed condition is assumed. The velocity and thermal fields of nanofluid are assumed symmetrical regarding to the centreline of the tube. The conservation equations for single phase method are illustrated below (Eqs. (4)- (7)) [24] . Geometrical configuration under study.
The physical properties of nanofluid are assumed as functions of physical properties of both base fluid and nanoparticles and their volume fraction (Eqs (8)- (11)) [18] . The physical properties of both nanofluid and base fluid were assumed temperature-dependent. The physical properties of base fluid were obtained by fitting a quadratic function on the NIST data for water (Eqs (12)- (15)) [25] . The viscosity of nanofluid is assumed as a function of nanoparticles size for ensuring more accurate results (Eq. (10)) [14] .
The boundary conditions at the tube input is assumed relevant to the nanofluid input properties (U=U 0 , V=V 0 , T=T 0 and P=P 0 ) and the fully developed condition is assumed at the tube exit( The conservation equations for steady state conditions in two-dimensional system were discretized using finite difference method. Matlab version R2010a was used for computational processing (implemented by a 3 GHZ Intel Core i5 Duo CPU processor with 4 GB RAM) of numerical model. The first trial values for the operational variables are illustrated in table 4. The intended convergence for velocity, temperature and pressure are10 -5 m/s, 0.01°C and 1 Pa respectively. 
Model validation
The results of Numerical simulation were initially validated by implementing of model and experimental investigation for the forced convection heat transfer of pure water flows (Re=250) through a horizontal tube exposed to constant heat of 5000 W/m The velocity field of nanofluid flow contains 5 Vol. % Al 2 O 3 at Re=250, T 0 = 20˚c and q w =5000 W/m 2 .
The effect of nanofluid flow Reynolds number
The effect of Re number on the heat transfer is illustrated in Figure 6 
The effect of nanofluid input temperature
As can be seen in Figure 9 , similar to conventional fluids the convective heat transfer coefficient of nanofluid increases with increasing of input temperature. This may be due to increasing of Brownian motions of nanoparticles. Similar results have been reported by Keblinski et al. [27] .
The effect of base fluid composition
The effect of EG concentration in the base fluid composition on the nanofluid heat transfer coefficient was investigated. As can be observed in Figure 10 , increasing of EG concentration in the base fluid composition results in decreasing of convective heat transfer. Ethylene glycol has lower conductivity regarding the water (K water at 20°C =0.58W . m 1. K -1 ) [23] and increasing of its concentration in the EG/water mixture, results in increasing of base fluid conductivity and consequently enhancement of nanofluid convective heat transfer [28] .
Conclusions
Numerical simulation and experimental investigation were employed for study of laminar forced convective heat transfer of nanofluid containing 10nm Al 2 
